Epoxydiols are produced in the gas phase from the photo-oxidation of isoprene in the absence of significant mixing ratios of nitrogen oxides (NO x ). The reactive uptake of these compounds onto acidic aerosols has been shown to produce secondary organic aerosol (SOA). To better characterize the fate of isoprene epoxydiols in the aerosol phase, the kinetics and products of the acid-catalyzed ring-opening reactions of four hydroxysubstituted epoxides were studied by nuclear magnetic resonance (NMR) techniques. Polyols and sulfate esters are observed from the ring-opening of the epoxides in solutions of H 2 SO 4 /Na 2 SO 4 . Likewise, polyols and nitrate esters are produced in solutions of HNO 3 /NaNO 3 . In sulfuric acid, the rate of acid-catalyzed ringopening is dependent on hydronium ion activity, sulfate ion, and bisulfate. The rates are much slower than the nonhydroxylated equivalent epoxides; however, the hydroxyl groups make them much more water-soluble. A model was constructed with the major channels for epoxydiol loss (i.e., aerosol-phase ring-opening, gasphase oxidation, and deposition). In the atmosphere, SOA formation from epoxydiols will depend on a number of variables (e.g., pH and aerosol water content) with the yield of ring-opening products varying from less than 1% to greater than 50%.
Introduction
Secondary organic aerosol (SOA) represents a large mass fraction of submicrometer atmospheric aerosol (20-90%). 1, 2 SOA is formed when volatile organic compounds (VOCs) are oxidized, forming low-vapor-pressure products that partition to the aerosol phase. A number of additional mechanisms for SOA formation from high-vapor-pressure compounds have been discovered, including aerosol-phase oxidation, hydrolysis, organosulfate formation, or oligomerization reactions on or in the aerosol. [3] [4] [5] [6] [7] [8] Isoprene (2-methyl-1,3-butadiene) is the largest nonmethane hydrocarbon source emitted into the atmosphere (440-660 TgC yr -1 ), 9 and it is estimated to be the single largest source of SOA. [10] [11] [12] [13] [14] [15] Laboratory studies have confirmed the importance of isoprene oxidation in the production of SOA. [16] [17] [18] [19] The photooxidation of isoprene in laboratory studies performed under low-NO x (i.e., insignificant levels of NO and NO 2 ) conditions results in SOA formation whose composition was broadly consistent with that found in aerosol collected from several forested locations. 13 ,17 2-Methylbutanetetrols, C 5 -trihydroxysulfate esters, and oligomeric species with an isoprene backbone are major components of low-NO x SOA found in both laboratory and field investigations. 13, 17, 20, 21 Under low-NO x conditions, the yield of these species is greatly enhanced in the presence of acidic aerosols. 11, 17, [20] [21] [22] Recent work by Paulot et al. 23 has shown that isoprene epoxydiols are produced from the photo-oxidation of isoprene under low-NO x conditions in yields of ∼50% (70% of isoprene forms isoprene hydroxy hydroperoxide and 75% of isoprene hydroxy hydroperoxide forms isoprene epoxydiols). Reactive uptake and ring-opening of these gas-phase epoxydiols by acidified sulfate seed aerosol provides a direct mechanism for SOA formation from isoprene under low-NO x conditions; more specifically, the latter leads to the production of tetrols, trihydroxysulfate esters, and oligomeric species. 22 The rates of epoxide ring-opening reactions are enhanced under acidic conditions, consistent with the observed enhancements of isoprene SOA yields with increasing aerosol acidity. 20 A recent study by Surratt et al. 22 showed the importance of isoprene epoxydiols in the formation of SOA from the low-NO x oxidation of isoprene; in particular, epoxydiols derived from butadiene produced similar SOA constituents to ones formed from isoprene photo-oxidation, and epoxydiol aerosol uptake was enhanced in the presence of acidic aerosol. Minerath et al. 24, 25 have shown that alkyl and alkenyl epoxides undergo ring-opening reactions under atmospherically relevant aerosol acidities and lifetimes. In addition, they observed organosulfate yields up to 37% from sulfuric acid, sodium sulfate solutions.
In this study, the kinetics and product distribution of the acidcatalyzed ring-opening reactions of four hydroxy-substituted epoxybutanes (Figure 1 ), which are structurally analogous to the isoprene epoxydiols, are characterized by NMR techniques. The influence of the hydroxyl groups on the rates and product distribution of ring-opening are studied using cis-2,3-epoxybutane-1,4-diol and 3,4-epoxybutane-1,2-diol as model compounds. These compounds form from the photo-oxidation of 1,3-butadiene under low-NO x conditions, a system where the SOA formation has also been studied. 22 ,23 3-Methyl-2,3-epoxybutan-1-ol and 3-methyl-3,4-epoxybutan-1-ol are studied to see how hydroxyl groups affect the ring-opening of tertiary epoxides, more closely related to the epoxydiols produced in isoprene photo-oxidation. The formation of sulfate esters and nitrate esters from the acid-catalyzed nucleophilic addition of sulfate and nitrate ions is also examined. With the results obtained from these four model epoxides, we estimate the kinetics of the acidcatalyzed ring-opening reactions of isoprene epoxydiols that lead to the formation of SOA. Finally, we construct a model to determine the yield of aerosol-phase ring-opening products from isoprene epoxydiols that includes the major atmospheric loss processes: aerosol-phase ring-opening, gas-phase oxidation, and deposition.
Experimental Section
2.1. Synthesis of Epoxides. All four hydroxy-substituted epoxides are synthesized following the procedures outlined by Skinner et al. 26 Two distinct types of epoxides are synthesized: linear epoxydiols (i.e., cis-2,3-epoxybutane-1,4-diol and 3,4-epoxybutane-1,2-diol) and tertiary epoxides with only one hydroxyl group (i.e., 3-methyl-2,3-epoxybutan-1-ol and 3-methyl-3,4-epoxybutan-1-ol). Due to difference in the reactivity of these two types of epoxides, different synthetic procedures were followed. The identity of each synthesized epoxide was confirmed by 1 H and 13 C NMR, as well as by a number of 2D-NMR techniques: COSY, DEPT, HSQC, and HMBC, all on a 600 MHz Varian NMR.
To synthesize 2,3-epoxybutane-1,4-diol, aqueous cis-2-butene-1,4-diol (Fluka, 99%) was oxidized at 50°C for 3 h with hydrogen peroxide (Sigma-Aldrich, 30%) catalyzed by tungstinic acid (Sigma-Aldrich, 99%), balanced with sodium hydroxide (Mallinckrodt, 99%) to make the solution only slightly acidic. The pH of the solution was then raised to 7.4. Finally, cis-2,3-epoxybutane-1,4-diol was recovered by removing the water and other reactants under reduced pressure. The final product was >97% cis-2,3-epoxybutane-1,4-diol (the other <3% was trans-2,3-epoxybutane-1,4-diol), and the product was used without further purification. 3,4-Epoxybutane-1,2-diol was synthesized in the same way as cis-2,3-epoxybutane-1-4-diol.
To synthesize 3-methyl-2,3-epoxybutan-1-ol, aqueous 3-methyl-2-buten-1-ol (Sigma-Aldrich, 99%) was oxidized with hydrogen peroxide catalyzed by sodium tungstate (Sigma-Aldrich, 99%) at 45°C for 4 h at pH ∼7.4. After the reaction vessel was removed from the heat, the organic and the aqueous layers were separated, where the liquid was removed from the aqueous layer under reduced pressure. The product recovered from the aqueous layer was determined by NMR spectroscopy to be >90% 3-methyl-2,3-epoxybutan-1-ol with the remainder being the hydrolysis product of the epoxides, 2-methyl-1,2,4-butanetriol. For the studies performed here, this purity was adequate as the irreversible ring-opening of epoxides was monitored by 1 H NMR. 3-Methyl-3,4-epoxybutan-1-ol was synthesized in the same way as 3-methyl-2,3-epoxybutane-1-ol. 1 H NMRs of each hydroxy-substituted epoxide can be found in the Supporting Information.
Product Studies.
To determine the extent of tetrol and sulfate ester production, 5 mg/mL samples of each epoxide were placed in D 2 SO 4 /D 2 O solutions with varying amounts of Na 2 SO 4 . These solutions were stirred for 24 h to ensure that the reaction went to completion. A 700 µL portion of the solution was then transferred to an NMR tube, and a spectrum was acquired. To determine the amount of sulfate ester and tetrol formed, the integration of a peak corresponding to each product was normalized to the number of hydrogens present in each peak. In the same fashion, the percent of organonitrates produced from solutions of HNO 3 /NaNO 3 was also determined.
2.3. Kinetics of Epoxide Ring-Opening. The kinetics of the acid-catalyzed ring-opening reactions of all of the hydroxysubstituted epoxides was monitored by 1 H NMR. To initiate the reaction, a 630 µL sample consisting of 5 mg/mL of epoxide in water with 10% D 2 O was placed in an NMR tube followed by the introduction of 70 µL of a given acid. The solution was then well mixed and placed in the NMR. The solution composition of 10% D 2 O was chosen to obtain solvent lock, but was only 10% in order to reduce the effect that D 2 O has on the kinetics of acid-catalyzed ring-opening reactions of epoxides. The influence of D 2 O on the rate of epoxide ring-opening is discussed in Section 3.4. Since water is present in high concentrations and has a 1 H NMR peak at 4.79 ppm, the 1 H NMR signal for water had to be suppressed so the peaks from the epoxides and their respective reaction products could be observed. Water suppression using the Varian "watergate" pulse sequence with a W5 pulse was used. This experimental procedure is provided by Varian. Each kinetic run consisted of a number of acquisition delay sequences totaling 55 s each. To aid in determining the mechanism of the epoxide ring-opening, the solvent deuterium isotope effect was determined by performing the same kinetic experiments using completely deuterated acids instead of a 10% deuterated solution. The hydronium ion activity of the solutions was measured on a Thermo Orion 920 pH meter. Figure  3 ). Epoxides may also react in neutral water via an uncatalyzed mechanism. Cis-2,3-epoxybutane-1,4-diol, is very stable in water with no evidence of reaction after several days in water or 1.0 M Na 2 SO 4 .
The products of the acid-catalyzed ring-opening reactions of the other three hydroxy-substituted epoxides were also determined by NMR. 3,4-Epoxybutane-1,2-diol in H 2 SO 4 /Na 2 SO 4 solutions formed tetrols and triol sulfate esters. The tetrol produced from this reaction was mostly threitol; however, 13% of the tetrol was meso-erythritol. Two different sulfate esters are possible from the nucleophilic addition depending on which side of the epoxide ring the sulfate adds. There is evidence only for the addition to the primary carbon forming 2,3,4-trihydroxybutane-1-sulfate. The ring-opening of 3-methyl-2,3-epoxybutan-1-ol by H 2 SO 4 /Na 2 SO 4 solutions produced a mixture of 3-methyl-1,2,3-butantriol and 2-methyl-3,4-hydroxybutan-2-sulfate from the nucleophilic addition of sulfate to the tertiary carbon of the epoxide ring with no evidence for sulfate addition to the secondary carbon. Finally, the reaction of 3-methyl-3,4-epoxybutane-1-ol in the same solution produced a triol, as well as minor amounts of a sulfate ester. The production of the tertiary sulfate ester was confirmed and, in addition, a minor amount of the primary sulfate ester was observed.
1 H NMRs of the products of each hydroxy-substituted epoxides in H 2 SO 4 / Na 2 SO 4 and 2,3-epoxybutane-1,4-diol in HNO 3 /NaNO 3 can be found in the Supporting Information.
Concentration Effect of Sulfate and Nitrate.
The yield of sulfate ester produced from the acid-catalyzed ring-opening of cis-2,3-epoxybutane-1,4-diol is a function of the sulfate concentration and not the bisulfate concentration ( Figure 4 and Table 1 ). In Figure 4 , the amount of sulfate ester from a number of H 2 SO 4 /Na 2 SO 4 solutions is shown as a function of sulfate concentration. The composition of each solution is listed in Table 1 along with the percent sulfate ester formed. The yield of sulfate ester increases up to a sulfate concentration of 0.14 M. At higher sulfate concentrations the increase in sulfate ester is more gradual. The results are consistent with previous studies where organosulfate yield of acid-catalyzed ring-opening of epoxides increased linearly as a function of SO 4 2-concentrations from 0.2 to 1.0 M. 24, 25, [27] [28] [29] At low sulfate concentrations, the yield deviates from the linear trend because the sulfate is the limiting reagent (epoxide concentration ∼0.05 M).
The yield of sulfate ester from the epoxides in a solution of 0.1 M H 2 SO 4 and 1.0 M Na 2 SO 4 was measured. Sulfate esters were produced in a yield of 29% from the ring-opening of cis-2,3-epoxybutane-1,4-diol. 3,4-Epoxybutane-1,2-diol produced a similar amount of sulfate ester (32%), while the ring-opening of 3-methyl-2,3-epoxybutan-1-ol produces only 10%. The sulfate yield from 3-methyl-3,4-epoxybutane-1-ol could not be accurately determined due to the presence of both ring-opening products in the initial sample and unidentified peaks in the NMR spectrum of the solution after the reaction. It has been observed that isoprene-derived sulfate esters found in aerosols are preferentially located at a primary or secondary positions over a tertiary position. 21, 30 Structural differences between the epoxides may be responsible for the observed differences in the yield of the sulfate ester. Epoxydiols have twice as many hydroxyl groups in the structure and the rates of ring-opening of the epoxydiols are much slower than that of the epoxides with one hydroxyl group (see section 3.3). In addition, the product from cis-2,3-epoxybutane-1,4-diol is a secondary sulfate ester, whereas for 3,4-epoxybutane-1,2-diol a primary sulfate ester is formed. For 3-methyl-2,3-epoxybutan-1-ol a tertiary sulfate ester is produced. Steric hindrance likely has the greatest effect on the decrease in sulfate ester formed; however, the rate of acid-catalyzed ring-opening and hydroxyl group density might also play a role in the sulfate ester yield.
The yield of the nitrate ester formed from the ring-opening of cis-2,3-epoxybutane-1,4-diol increases almost linearly with increased nitrate concentration in the solution and is slightly less than that of the sulfate ester at a given nucleophile concentration ( Figure 4 and Table 1 ). The relative sulfate and nitrate yields are comparable to those reported by Minerath et al. 24, 25 for similar nonhydroxylated alkyl and alkenyl epoxides.
3.3. Kinetics of Acid-catalyzed Ring-Opening Reactions for Model Epoxides. Figure 5 shows the first-order loss of cis-2,3-epoxybutane-1,4-diol in a solution of 0.1 M H 2 SO 4 . In this experiment only ∼20% of the epoxydiols is reacted. First-order kinetics was also observed in experiments where greater than 90% of the epoxide was reacted (see SI). In Figure 6 , the observed rate of loss of epoxide as a function of H 3 If the rate of ring-opening depended only on a H + , the data from all three acids would be the same. Although the rate of epoxide ring-opening is most strongly influenced by the protonation of the epoxide by H 3 O + , the rate of the reaction is also influenced by general acids (such as HSO 4 -) donating a hydrogen to the epoxide oxygen [31] [32] [33] and is increased by the presence of stronger nucleophiles than water, such as NO 3 - where k nuc is the rate due to the nucleophile, in this case NO 3 -, and [nuc] is the concentration of the nucleophile. The rate of nucleophilic addition is dependent on a H + because the protonation of the epoxide oxygen still must occur prior to nucleophilic addition. The value of k nuc for cis-2,3-epoxybutane-1,4-diol was found to be 2.0 ( 1 × 10 -4 M -1 s -1 . Although k nuc is almost an order of magnitude smaller than k H + , in solutions with high nucleophile concentration it potentially could be important to the total rate of epoxide ring-opening.
In H 2 SO 4 /Na 2 SO 4 solutions, the rate of epoxide ring-opening is a function of a H + , concentration of nucleophile (SO 4 2-) and concentration of HSO 4 -acting as a general acid. A general acid reacts with an epoxide by transfer of its proton to the epoxide oxygen via a concerted mechanism. General acid catalysis has Ring-Opening of cis-2,3-Epoxybutane-1,4-diol in H (red circles). Also included is the best linear fit to the data for each inorganic acid.
been observed by a number of acids including acetic acid and dihydrogen phosphate. [31] [32] [33] 36 Including the general acid term into the rate, k obs can be represented as:
where k ga is the rate of ring-opening due to the general acid (HSO 4 -), [ga] is the concentration of the general acid, and in this case nuc is SO 4 2-. Assuming that the concentration of HSO 4 -is constant throughout the kinetics run, the rate of ringopening due to HSO (Figure 7 ). The k so 4 -was not explicitly determined due to the complex nature of the solution. The nucleophilic strength of nitrate, however, is similar to sulfate (c.f. the yield of nitrate esters and sulfate esters), and therefore the rates and the branching ratio of the epoxide ring-opening reaction should be similar. The
+ of all of the epoxides studied here are shown in Table  2 . Also shown in Table 2 are the k H + values of similar, unsubstituted epoxides determined by Minerath et al. 24 The acidcatalyzed ring-opening rate for cis-2,3-epoxybutane-1,4-diol is nearly 2 orders of magnitude slower than trans-2,3-epoxybutane, which has been shown to have half the rate of cis-2,3-epoxybutane. 37 In fact, all of the epoxides with hydroxyl groups on the R and/or carbon(s) from the epoxide ring show a large reduction in the rate of acid-catalyzed ring-opening compared to their nonhydroxy-substituted parents. The hydroxyl groups slow down the reaction by removing electron density from the epoxide oxygen, which results in the pre-equilibrium favoring of the unprotonated epoxide (Figure 8) . 37, 38 Two hydroxyl groups on R carbons further reduce the rate compared to one hydroxyl group on the R carbon and one hydroxyl group on the carbon (c.f., cis-2,3-epoxybutane-1,4-diol and 3,4-epoxybutane-1,2-diol). The rate of ring-opening of an epoxide with two secondary carbons is typically faster than a primary-secondary (c.f., 2,3-epoxybutane vs 1,2-epoxybutane). The fact that the rate cis-2,3-epoxybutane-1,4-diol is slower than for 3,4-epoxybutane-1,2-diol illustrates the strong effect that an electron-withdrawing group on the R carbon has on the rate of epoxide ring-opening reactions. Of the hydroxy-substituted epoxides, only the acidcatalyzed rate for 3,4-epoxybutane-1,2-diol has been measured previously. 25 In that study, k H + for 3,4-epoxybutane-1,2-diol was determined from the second ring-opening of 1,2-3,4-diepoxybutane and directly from a solution of 1 M Na 2 SO 4 /0. (Figure 8 ). The product distribution provides evidence about the reaction mechanism through stereochemistry and indication of the intramolecular reaction center. In addition, the solvent deuterium isotope effect provides insight into the mechanism.
Reactions that involve a pre-equilibrium protonation of the reactant prior to the rate-determining step, such as acid-catalyzed epoxide ring-opening (Figure 8) , proceed faster in deuterium oxide (D 2 O) than in water. [39] [40] [41] [42] [43] Because the dissociation constant of weak acids are greater in H 2 O than in D 2 O, the rate is faster in D 2 O due to greater equilibrium concentration of the conjugate acid. Furthermore, the solvent deuterium isotope effect is greater for an A-1 mechanism because a carbocation is formed during the rate-determining step. For an epoxide the ratio of kinetics of k D 3 O /k H 3 O for a solely A-2 mechanism has been calculated to be ∼1.0, whereas a solely A-1 mechanism the ratio is calculated to be ∼2.1, and intermediate values can exhibit characteristics of both mechanism. 41 The acid-catalyzed ring-opening of cis-2,3-epoxybutane-1,4-diol produced only one type of butane tetrol: threitol. This is consistent with antiaddition of an A-2 mechanism. The k D 3 O / k H 3 O was 1.7. Although this is between the two extreme cases for the A-2 and A-1 mechanisms, it is comparable to trans-2,3-epoxybutane, an epoxide that is known to exhibit pure antiaddition. 44 The k D 3 O /k H 3 O of trans-2,3-epoxybutane was found to be 1.9 and the NMR spectrum of the reaction products confirms the antiaddition product predicted for an A-2 mechanism as only trans-2,3-butanediol is produced.
The formation of only the primary sulfate ester from 3,4-epoxybutan-1,2-diol is consistent with an A-2 mechanism. The lone formation of the primary sulfate was nevertheless surprising as recent studies of the acid-catalyzed ring-opening of 1,2-epoxybutane showed nearly equal formation of both the primary and secondary sulfate ester. 24 Polar groups inhibit the epoxide ring-opening reactions from occurring on the carbon closet to the electron withdrawing group, regardless of mechanism or degree of substitution.
38,45-47 3,4-Epoxybutan-1,2-diol is an unsymmetric epoxide with both of the hydroxyl groups on one side of the epoxide ring. The hydroxyl groups would, therefore, drive the addition of the sulfate onto the primary carbon away from the hydroxyl groups.
For 3,4-epoxybutane-1,2-diol, the k D 3 O /k H 3 O was found to be 1.6. This is very similar to cis-2,3-epoxybutane-1,4-diol and indicates an A-2 mechanism as predicted by the product study. Without knowledge of the orientation of the ring-opening of the epoxide, however, the mechanism cannot be confirmed.
For 3-methyl-2,3-epoxybutan-1-ol, the sulfate adds to the tertiary carbon indicating an A-1 mechanism. The hydroxyl group, however, forces the reaction to occur at the tertiary carbon regardless of reaction mechanism. Similarly, the NMR from the ring-opening of 3-methyl-3,4-epoxybutan-1-ol indicates that the sulfate group adds predominantly to the tertiary carbon. It is more difficult to determine the mechanism from the products of the ring-opening of these two epoxides since there is only one chiral center leading to the formation of the same triol regardless of whether the addition is anti or syn. -] (yaxis value) of 8.6 ( 0.3 × 10 -5 while a H + varies by nearly an order of magnitude and [SO 4 2-] varies by over 2 orders of magnitude.
The k D 3 O /k H 3 O for 3-methyl-2,3-epoxybutan-1-ol was found to be 1.0, which is exactly what is predicted for a purely A-2 mechanism. The k D 3 O /k H 3 O for 3-methyl-3,4-epoxubutan-1-ol was found to be very similar at 1.2. The low k D 3 O /k H 3 O for both of the hydroxy-substituted tertiary epoxides is a strong indication that the acid-catalyzed ring-opening is occurring via an A-2 mechanism.
Atmospheric Implications
A large fraction of SOA from the low-NO x oxidation of isoprene may arise from the aqueous-phase chemistry of isoprene epoxydiols. Isoprene epoxydiols will be lost by a number of competing processes, including gas-phase oxidation, deposition, and aerosol uptake and subsequent aqueous-phase chemistry. Thus, to determine the importance of aerosol-phase ring-opening of isoprene epoxydiols, the relative rates of these processes must be determined.
Using the measured acid-catalyzed ring-opening rates of the hydroxy-substituted epoxides described above, we can estimate the analogous rates for the epoxides produced from the oxidation of isoprene (Figure 9 ). The rate for 2-methyl-3,4-epoxybutane-1,2-diol should be similar to that of 3,4-epoxybutane-1,2-diol as the only difference is addition of a methyl group R to the epoxidic carbon. The addition of a methyl group to an epoxidic carbon increases the rate of acid-catalyzed ring-opening reactions by about 50 times (c.f., 2-methyl-2,3-epoxybutane vs 2,3-epoxybutane); thus, we estimate that k H + for 2-methyl-2,3-
The k H + value for 3-methyl-3,4-epoxybutane-1,2-diol is harder to predict. 3,4-Epoxybutane-1,2-diol and 2,3-epoxybutane-1,4-diol have very similar rates, which would lead to a prediction that the methylated derivatives should also have similar rates. 3-Methyl-3,4-epoxybutane-1,2-diol, however, has both of the electronwithdrawing hydroxyl groups on one side of the epoxide ring, so addition should predominantly occur to the primary carbon furthest from the hydroxyl groups, which would not significantly increase the rate.
The rate of condensed-phase acid-catalyzed ring-opening of isoprene epoxydiols in ambient aerosols will depend strongly on pH. The pH of ambient aerosols is, however, both variable and poorly characterized. [48] [49] [50] [51] [52] [53] [54] [55] For example, in a field study near Pittsburgh, PA, the pH of the ambient aerosol was determined to vary between 0 and 5. 48 In general, the pH of aerosols in rural locations are lower than urban locations. 52 In a study along New England coastal area the pH of aerosols was also size dependent with pH ranging from 1.26 for 0.38 µm aerosol particles to 3.2 for 25 µm aerosol particles. 53 In addition, a recent study has called into question the manner in which aerosol pH is determined, as the formation of organosulfates has not previously been taken into account, which could result in an erroneous pH evaluation. 55 To estimate the aerosol-phase ringopening of isoprene epoxydiols, we treat the pH as a variable between 2 and 4.
The loss of the epoxydiols by aerosol chemistry will depend on the fraction of the gas-phase epoxides that are partitioned into the aerosol particles. One approach to model uptake into Figure 8 . Acid-catalyzed ring-opening of epoxides occur by either an A-1 or A-2 mechanism. The initial step in both mechanisms is a preequilibrium protonation of the oxygen in the epoxide ring followed by the rate determining step. For an A-1 mechanism the rate determining step is the breaking of one of the C-O bonds to form a carbocation, and for an A-2 mechanism it is a concerted nucleophilic addition to the epoxide ring. Figure 9 . Structures of the epoxydiols produced from the photooxidation of isoprene under low NO x conditions along with their predicted k H aerosols is the partitioning model of Pun et al., 56 which has the benefit over a number of other models in that it distinguishes between organics that are hydrophobic and hydrophilic and uses a different model of uptake for each. In this model, the partitioning of hydrophilic molecules, such as the isoprene epoxydiols, are governed by the Henry's Law constant of the water-soluble organic compound: M atm -1 . The amount of the isoprene epoxydiols partitioned into the aerosol-phase will also be determined by LWC, which typically varies from 1 to 100 µg m -3 . 59 For the model, we assume an accommodation coefficient of one. Equilibrium between gas-phase and particle-phase isoprene epoxydiols is assumed because gas-particle collisions occur much faster, in general, than either the rate of gas-phase oxidation or condensephase ring-opening of the epoxides. With the high rate of collision, the lifetime with respect to gas-particle partitioning (τ gas-particle ∼ 7 min) is much faster than gas phase oxidation (τ ox ∼ 3.7 h) or particle-phase ring-opening (at pH ) 2 τ rop ∼ 33 min, at pH ) 4 τ rop ∼ 2.3 days). For the H HL ) 1.3 × 10 8 M atm -1 , the ratio of epoxide in the aerosol to that in the gas phase will vary from 0.003 to 0.03 to 0.25 for LWC values of 1, 10, and 100 µg m -3 , respectively. Gas-phase organics can also partition into the organic fraction of an aerosol by adsorptive and absorptive means.
60, 61 The amount of gas that partitions into the organic-phase of the aerosol is a function of the vapor-pressure of the gas and the amount of organic in the aerosol phase. The vapor pressure of isoprene epoxydiols was estimated to be 4.5 × 10 -6 atm using the group contribution method. 62 The amount of isoprene epoxydiols that would partition to SOA under typical ambient organic mass loading (1-10 µg m -3 ) would be negligible at the calculated vapor-pressure. 63 In competition with uptake to aerosol or cloud droplets, isoprene epoxydiols will also be lost by gas-phase oxidation and by deposition to the ground or other surfaces (e.g., leaves). An upper bound to the rate of gas-phase oxidation by OH has been previously been determined by Paulot et al. to be k(T) ) 5.78 × 10 -11 exp(-400/T). 23 The average midday mixing ratio of OH in remote environments such as the Amazon is around 5 × 10 6 molecules cm -3 , 64-66 resulting in a gas-phase lifetime for the isoprene epoxydiols of about 3.7 h at 298 K. The dry deposition rate for isoprene epoxydiols is not known but is expected to be fast. For this calculation, we have assumed a deposition rate equivalent to hydrogen peroxide, almost certainly an upper bound for isoprene epoxydiols. The deposition velocity for hydrogen peroxide has been measured on a number of occasions over different forests with values ranging from 1-5 cm s -1 .
67-69
For a 1 km planetary boundary layer height this corresponds to a deposition velocity of 2.5 × 10 -5 s -1 (τ ) 11.1 h). To estimate the aerosol-phase ring-opening of isoprene epoxydiols we construct a kinetic model that includes the loss processes described in detail above. We use the kinetics simulation software Kintecus 70 following the decay of gasphase epoxydiols for 20 h to ensure complete loss (see Supporting Information). The results are shown in Table 3 . At a pH of 4 and a LWC of 10 µg m -3 , less than 1% of the isoprene epoxydiols end up as ring-opened products in the aerosol phase; however, at a pH of 2, the yield approaches 15%. With high aerosol liquid water content (e.g., 100 µg m -3 ), gas-phase oxidation and dry deposition still dominate at a pH of 4 (<2% to aerosol phase), whereas at a pH of 2, greater than 50% of the isoprene epoxydiols would form ringopening products in the aerosol phase. These results suggest that aerosol partitioning and aqueous-phase ring-opening reactions of isoprene epoxydiols is only important at low pH; however, the increased rate of ring-opening by bisulfate and sulfate was not taken into account, and the possibility of heterogeneous reaction of the epoxydiols on solid surfaces of acidic aerosols would additionally increase the importance of aerosols as a sink for isoprene epoxydiols.
The calculation presented here is meant primarily as a sensitivity study and is not expected to provide a quantitative constraint. Inputs to the model (e.g., Henry's Law constant, deposition rate, and aerosol pH) and indeed the completeness of the model itself are simply not known well enough. To provide a truly quantitative model, improved understanding of these variables along with field validation is needed to better understand the amount of SOA produced in isoprene rich, low-NO x environments. 1 H NMRs of all synthesized hydroxy-substituted epoxides and of the products of ring-opening of the epoxides in acidic solutions. Description and graphical output of the kinetic model that describes the atmospheric loss of isoprene epoxydiols. This material is available free of charge via the Internet at http://pubs. acs.org. 
